to investigate the role of activin a in the embryoid bodies (EBs) of human induced pluripotent stem (ipS) cells, EBs were transferred onto dishes coated with matrigel after 4 days of incubation with activin a and observed under a microscope. alkaline phosphatase staining and immunostaining were performed to analyze the pluripotency of the cells, and the mtS assay was performed to analyze their proliferative potential. Fourteen days after EB formation, cells cultured with activin a (100 ng/ml) showed no morphological alterations. cells cultured with 10-100 ng/ml of activin a were positive for alkaline phosphatase staining, while cells cultured with 0-3 ng/ml showed negative staining. cells cultured with 10 ng/ml of activin a were positive for Oct3/4, nanog, SSEa-4 and tra-1-60, while cells cultured with 0 ng/ml activin a were negative. cells cultured with 3-30 ng/ml of activin a maintained their proliferative potential, while loss of proliferative potential was observed in cells cultured with 100 ng/ml activin a. in conclusion, activin a maintained pluripotency markers in human ipS cells cultured as EBs with activin a. departments of 1 Gastroenterology, 2 radiology, 3 rheumatology, 4 pediatrics, and 5 internal medicine, national hospital Organization Shimoshizu hospital, Yotsukaido, chiba 284-0003, Japan
Introduction
activin a, a member of the transforming growth factor-β superfamily, mimics nodal, binds activin receptors and phosphorylates Smad2, thus activating it (1) . Once activated, Smad2 associates with Smad4, translocates to the nucleus and regulates gene expression in conjuction with other transcription factors. nodal/activin a signals play a crucial role in inducing the development of the mesoderm and endoderm in the xenopus embryo (2, 3) . activin a (100 ng/ml) promotes the differentiation of human embryonic stem (ES) cells into pancreatic β cells (4) , and also into endoderm (5) . By contrast, 5 ng/ml of activin a was found to maintain self-renewal and to support the longterm feeder-free culture of human ES cells (6) . however, it has not been fully established whether activin a induces the differentiation of human ES cells into endoderm or maintains them in an undifferentiated state. curiously, 100 ng/ml of activin a, FGF-2 and Bmp-4 was found to induce the expression of endoderm markers, while still maintaining pluripotency markers such as Oct3/4 and nanog (7) . these data suggest that a mixture of other growth factors or the specific concentration of Activin A may determine whether human ES cells differentiate or whether their pluripotency is maintained. to develop a feeder-free medium of human ES or induced pluripotent stem (ipS) cells, it is necessary to determine the appropriate concentration of activin a.
Materials and methods
Cell culture and embryoid body formation. the human ipS cell line 201B7 (riken cell Bank, tsukuba, Japan) was cultured in reproFF media (reprocell, Yokohama, Japan) for feeder-free culture (reprocell, tokyo, Japan) on dishes (asahi techno Glass, Funabashi, Japan) coated with matrigel (Becton dickinson, Franklin lakes, nJ, uSa) in 5% carbon dioxide at 37˚C in a humidified chamber, and harvested with accutase (innovative cell technologies, inc., San diego, ca, uSa) for subsequent experiments. dissociated 201B7 cells were cultured in hanging drops at a density of 1,000 cells per 30 µl of medium composed of dulbecco's minimum essential medium-F12 medium (Sigma aldrich Japan K.K., tokyo, Japan) supplemented with 20% knockout serum replacement (KSr) (invitrogen Japan K.K., tokyo, Japan), 10% minimum essential amino acids (invitrogen Japan K.K.), 2 mm l-glutamine (invitrogen Japan K.K.) and 1 mm 2-mecaptoethanol (Sigma aldrich Japan K.K.) [ipSm(-)] (8). after 4 days of hanging drop culture, the resulting embryoid bodies (EBs) were plated onto plastic dishes coated with matrigel. cells were observed under an Olympus imt-2 microscope (Olympus, tokyo, Japan).
Alkaline phosphatase staining. alkaline phosphatase (alp) staining was carried out in cells cultured on a 6-well plate (asahi techno Glass) coated with matrigel. alkaline phos-phatase staining was performed with leukocyte alkaline phosphatase (Sigma aldrich Japan K.K.) according to the manufacturer's instructions.
Immunostaining. cells cultured on 4-well chamber slides (Becton Dickinson) were fixed in 4% paraformaldehyde (Sigma aldrich Japan K.K.) and incubated with hydrogen oxide in 100% methanol for 30 min at 4̊C. Specimens were incubated with 2% fetal bovine serum in pBS (wash buffer) for 30 min at 4˚C. For the anti-Oct3/4 (Becton Dickinson) and anti-nanog (reprocell) antibodies, specimens were incubated in 0.1% sodium citrate (wako pure chemicals, Osaka, Japan) and 0.1% triton x-100 (wako pure chemicals) in distilled water. diluted (1:500) anti-Oct3/4, anti-nanog, anti-SSEa-4 and anti-tra-1-60 antibodies (all from nihon millipore K.K., Tokyo, Japan) were incubated in wash buffer overnight at 4˚C. after washing three times with pBS, diluted 1:500 horseradish peroxidase-labeled anti-mouse (GE healthcare Japan, tokyo, Japan) or anti-rabbit (GE healthcare Japan) antibodies were incubated in wash buffer for 3 h at 4˚C. Diaminobenzidine (dako Japan, tokyo, Japan) was applied, and the nuclei were stained with hematoxylin (muto pure chemicals co., ltd., tokyo, Japan) for 15 sec. Specimens were observed and photographed under an Olympus ax80 microscope (Olympus).
Cell proliferation assay. cells were seeded onto a 96-well plate (asahi techno Glass) coated with matrigel at a density of 1,000 cells/well. twenty-four hours later, the medium was replaced with activin a (r&d Systems inc., minneapolis, mn, uSa). Seventy-two hours later, the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2h-tetrazolium inner salt (mtS) assay was performed according to the manufacturer's instructions (promega corporation, tokyo, Japan). mtS was bio-reduced by cells into a colored formazan product that reduces absorbance at 490 nm. the absorbance was analyzed at a wavelength of 490 nm with a Bio-rad imark microplate reader (Bio-rad, hercules, ca, uSa).
Results
initially, we aimed to promote the differentiation of ipS cells to hepatocytes with EB formation using 100 ng/ml of activin a (9) . Four days after the transfer of EBs to 6-well plates, differentiated cells appeared in the center of the colonies cultured with 0 ng/ml of activin a, while no morphological change was noted in cells cultured with 100 ng/ml of activin a (Fig. 1 ). Fourteen days later, all cells cultured with 0 ng/ml of activin a were differentiated, while cells cultured with 100 ng/ml remained undifferentiated. these data indicate that activin a maintained ipS cells in an undifferentiated state. it appeared that colonies grew more slowly when cultured with 100 ng/ml than with 0 ng/ml activin a.
to determine whether the cells maintained an undifferentiated state after 14 days of culture in activin a, alp staining was performed. cell cultured in >10 ng/ml of activin a were positive for alp staining (Fig. 2) . in contrast, most of the cells cultured in <3 ng/ml of activin a were negative for alp staining. this suggests that 10 ng/ ml of Activin A was sufficient to maintain the cells in an undifferentiated state.
To confirm that the cells remained undifferentiated at 10 ng/ml of activin a, immunostaining was performed. all cells cultured in 10 ng/ml of activin a demonstrated positive nuclear staining for Oct3/4 and nanog (Fig. 3) . none of the cells in the absence of activin a were positive for Oct3/4 or nanog. the cell surfaces of all of the cells cultured in 10 ng/ ml activin a were positive for SSEa-4 and tra-1-60, while none were positive in the absence of activin a. these results suggest that 10 ng/ml of activin a maintains cells in an undifferentiated state. Fig. 1 indicates that cells cultured with 100 ng/ml of activin a exhibited weaker proliferation than those cultured in 0 ng/ml. the mtS assay was performed to analyze the effects of activin a on the proliferative potential of the cells, and revealed a proliferation of >100% in cells cultured with 3-30 ng/ml of activin a, and of 85.5% at 100 ng/ml, compared to cells treated with 0 ng/ml (Fig. 4 ). this demonstrated that activin a promotes cell proliferation at a concentration of 3-30 ng/ml, while a concentration of 100 ng/ml suppresses cell proliferation.
Discussion
activin a (10 ng/ml) and FGF2 (12 ng/ml) maintain the pluripotency of human ipS cells in a feeder-free condition (10) . cultured human ipS cells form teratoma when transplanted into the testis capsule of severe combined immunodeficientbeife mice after 20 passages. in our experiments, 100 ng/ml of activin a alone was added to the medium, since our initial goal was to develop a method of differentiating human ipS cells to hepatocytes. unexpectedly, the cultured cells via EBs showed no morphological changes after 14 days of EB formation. Beattie et al obtained similar results when culturing human ES cells (hSF6) in media with several cocktails of growth factors (11) . they found that a combination of activin a (50 ng/ml), nicotinamide (10 mm) and keratinocyte growth factor (50 ng/ ml) was sufficient to preserve the pluripotency of human ES cells. Our data clearly indicate that activin a alone is capable of maintaining pluripotency markers in human ipS cells, as evidenced by alp staining and immunostaining. previously, the proliferation of human ES cells was found to be reduced and the passage of cells was halted by actin a (11) . xiao et al succeeded in the long-term feeder-free culture of human ES cells (h1) for a time period longer than 150 days and 20 passages with 5 ng/ml of activin a (6) . the differences in results between the two previous reports may be attributed to the cell lines and concentrations of activin a used. in certain cell lines, activation of another pathway may be necessary, since the wnt pathway preserves the pluripotency of human ES cells (12) . xiao et al applied a lower concentration of activin a for a successful long-term passage. Our mtS assay showed that human ipS cells exhibited a weaker proliferative potential when cultured in 100 ng/ml of activin a compared to 0 ng/ml. moreover, 3-30 ng/ml of activin a was suitable for human ipS cell proliferation compared to 0 ng/ml. Our data and previous reports suggest that a lower concentration of activin a is appropriate for human ES and ipS cells to maintain not only pluripotency markers, but also proliferative potential.
activin a (25 ng/ml) was found to increase the expression of Oct3/4 and nanog in human ES cells with pluripotency Activin A (ng/ml) MTS assay (%) when added in chemically defined medium (13) . When the medium was deprived of activin a, the expression of nanog was down-regulated (14) . these reports verify that activin a controls the expression of Oct3/4 and nanog to maintain pluripotency.
Sulzbacher et al hypothesized that the pluripotency or differentiation of cells is dependent and occurs in a concentration-and stage-dependent manner (1) . activin a (5-50 ng/ml) was applied to maintain the pluripotency of human ES and ipS cells alone or with other growth factors (6, 10, 11, 15) . in the present study, as in the study of xiao et al, 5 and 10 ng/ ml of activin a, respectively, were applied as a sole growth factor to maintain pluripotency. these data suggest that a lower concentration of activin a maintains the pluripotency of human ES or ipS cells. conversely, human ES (h9) cells were found to differentiate with FGF2 or activin a (10 ng/ml) alone after three passages, and a combination of activin a + FGF2 or nodal + FGF2 was found to be optimal for the long-term expression of pluripotency markers (15) . One may speculate that h9 cells require FGF2 in addition to activin a. whether activin a is enough to maintain pluripotency or requires other growth factors may depend on the cell line.
to induce mesoendodermal differentiation, the optimal combination was found to consist of Bmp4 (10 ng/ml), FGF2 (20 ng/ml), lY294002 (10 µm) and a higher concentration of activin a (100 ng/ml) (10) . these data indicate that a combination of growth factors and a higher concentration of activin a is necessary for human ES or ipS cells to differentiate. notably, activin a (100 ng/ml), FGF-2 and Bmp-4 induce the expression of endoderm markers, while still maintaining pluripotency markers such as Oct3/4 and nanog (7) . This may explain our finding that 100 ng/ml of Activin A maintained pluripotency markers, while other researchers noted differentiation at this high concentration.
Our next study will carry out the passage and long-term culture of human ipS cells in activin a while analyzing the undifferentiated state.
